Background: Disruptions to intermyocyte coupling have been implicated in arrhythmogenesis and development of conduction disturbances. At present, understanding of the relationship between the microscopic organization of intercellular coupling and the macroscopic spread of impulse in the normal and diseased heart is largely confined to theoretical analyses. Methods and results: The abundance and arrangement of gap junctions, as well as conduction properties, were assessed in terminal crest preparations isolated from the atria of neonate, weanling, and adult rabbits. We report that the connexin composition of terminal crest was uncomplicated, with Cx43 being the most prominent isoform detectable by Western blotting and immunostaining. Terminal crest myocytes showed little change in total Cx43-gap junction per cell during postnatal growth as assessed by stereology. However, marked non-uniformities emerged in the sarcolemmal distribution of Cx43-gap junctions. Cx43-gap junction area at myocyte termini increased 3.5-fold from birth to adulthood. Correlated with this change in Cx43, impulse propagation velocity parallel to the myofiber axis, as assessed by multi-site optical mapping using voltage-sensitive dye (di-4-ANEPPS), increased 2.4-fold. Conversely, the amount of Cx43-gap junctions on myocyte sides, and the conduction velocity transverse to the myofiber axis, remained relatively invariant during maturation. Hence, the increasing electrical anisotropy of maturing terminal crest was wholly accounted for by increases in conductance velocity along the bundle. This increase in longitudinal conduction velocity was correlated with changes in the sarcolemmal pattern, but not the overall density, of Cx43-gap junctions. Conclusions: This study provides the first correlative structure / function analysis of the relationship between the macroscopic conduction of impulse and the microscopic cellular organization of gap junctions in a differentiating cardiac bundle. Confirmation is provided for theoretical predictions which emphasize the importance of the cell-to-cell geometry of coupling in determining the spread and pattern of myocardial activation.
Introduction
properties, and tissue architecture, are as important in determining the overall electrophysiologic profile of the Proper electromechanical function and rhythmic contracheart [1,2]. Intercellular coupling between myocytes is tion of the heart depend in large part on the specialized provided by gap junctions which allow the regulated flow conduction properties of distinct areas of myocardium.
of ions, metabolites, and electrical current from cell-toWhile activity of sarcolemmal voltage-dependent and timecell. As such, gap junctional coupling provides the physdependent ion channels account for electrophysiological ical basis for action potential (AP) propagation throughout characteristics at the level of individual cardiomyocytes, it the developing and mature myocardium [3] [4] [5] . Spatial is becoming increasingly apparent that passive electrical patterns of gap junction distribution, and region-or chamber-specific differences in gap junctional connexin expression, may account for the different conductile prop- ventricular working myocardium [6] [7] [8] . Consistent with a 2. Methods role in normal function, several studies have correlated alterations in gap junction distribution with cardiac pathoAll animals were treated and cared for in accordance physiology and potential arrhythmogenic foci in ischemic with the National Institutes of Health ''Guide for the Care heart disease and hypertrophic cardiomyopathy [9] [10] [11] [12] [13] .
and Use of Laboratory Animals'' (NIH Publication No. Although morphogenesis of the mammalian heart is near 85-23, revised 1996, National Research Council, Washingcomplete at birth, the physiology and differentiation state ton, DC). of myocytes remain immature [14] . During postnatal development, myocytes undergo profound changes in size, 2.1. Isolation of living terminal crest morphology and molecular phenotype. A striking reorganization of electrical connectivity also occurs in the ventricle Adult (4-6 months) and weanling (6-9 weeks) New during the period following birth [15, 16] . In the early Zealand white rabbits received intravenous heparin (1000 postnatal heart, gap junctions are distributed uniformly, U / kg) and sodium pentobarbital ear vein anesthesia (60 being dispersed more or less randomly across the sarmg / kg). Neonates (3-12 days old) received the same via colemma. During postnatal growth, this distribution intraperitoneal injection. The heart was then removed and changes with gap junctions becoming progressively more placed in cold HEPES-modified Krebs. Following removal concentrated at intercalated discs. This progressive alteraof the sinoatrial node, its associated tissue, and the tion in the geometry of connectivity between myocytes has Eustachian valve, the terminal crest (tc) was dissected free been suggested as one of the main factors underlying from the right atrium at the atrioventricular (AV) ring. changes in the rate and anisotropy of conduction during postnatal development [17, 18] . Specifically, the preferen-2.2. Optical mapping of activation with fluorescent tial concentrations of electrical connections at myocyte voltage sensitive dye termini have been speculated to account for the anisotropic or directional nature of impulse propagation in mature Isolated tc samples were placed endocardial-side down myocardial tissues, in which conduction velocity along the and superfused at 378C with oxygenated HEPES-modified myocyte long axis exceeds that transverse to this axis.
Krebs at 12 ml / min. A bipolar electrogram was recorded Uniform discontinuous anisotropic conduction of AP is an using platinum electrodes following pulse stimulation at 1 important component of stable electromechanical function. ms durations, voltage intensity of 23 threshold, and However, a decrease in transverse propagation velocity stimulus intervals of 300-400 ms. Prior to recording, (and hence increased anisotropy), due to reductions in gap isolated tc were superfused with 10.5 mM di-4-ANEPPS junctions at lateral contacts between aging myocytes, has (Molecular Probes) at 378C in HEPES-modified Krebs for been proposed to be a substrate for micro-reentry and 15 min. The preparation was then excited with monoarrhythmia [2] . It is therefore an important task to investichromatic green light from a 250W Tungsten-Halogen gate the developmental mechanisms underpinning the source with a 500 nm filter. Emitted light was focused generation of cellular non-uniformities in gap junction through a Nikon camera lens (F1.8) onto a 1.431.4 mm distribution, as such mechanisms may have a direct silicon photodiode array (144 elements, 375 mm center-tobearing on the genesis of pathological states in the more center spacing Centronics, ND144-5T). Photodiode curmature heart. rents were conditioned with current-to-voltage amplifiers While a link between changing AP conduction prop-(50, 200 or 10003) having AC coupling (0.2 Hz) and low erties and the distribution of gap junctions over the course pass filtering (1000 Hz). Optical signals were filtered by a of heart development has been implied, no direct study of second order, low pass analog filter with 23 db cutoff the association has been done. The goal of this work was points of 22Hz, then digitized at 1000 samples per second to carry out such a correlative structure / function studies per channel. All photodiode outputs (and the bipolar using the rabbit terminal crest (tc). This uniformly anisoelectrogram) were digitized to PC at 1 kHz by a 12-bit, tropic fascicle is a readily identifiable atrial bundle con-AT-MIO-16E-2 A / D board (National Instruments). After taining well-aligned strands of unbranched myocytes [19] . digitization, cubic spline interpolation was used to produce Quantitative assessment of conduction velocity is difficult an effective temporal resolution of 0.1 ms; first and second in structurally more complex myocardial tissues, e.g. the derivatives of the waveform were then estimated. Recorddeveloping ventricular myocardium, due to non-uniings were taken with the stimulus electrode placed at formities in fiber orientation, branching and the complexity different locations while the location of the recording of waveforms generated by such tissues. The utility of the electrode remained fixed. The activation time for the area tc as a model was readily apparent in data which indicated of tc monitored by each photodiode corresponded to the that Cx43 was the major gap junctional connexin found in half amplitude on the upstroke of the waveform. Average this tissue. Our hypothesis that correlated increases in gap conduction velocities, parallel and transverse to the long junction polarization and AP conduction anisotropy occur axis of each tc sample, and ratios of conduction anisotropy, in the terminal crest over postnatal growth is supported by were calculated from multiple maps of activation derived the data presented herein.
from each specimen. [20] . Frozen sections of optically mapped and control tc ends (S -gj-tissue-Ends) were estimated from Cx43 imv samples were immunolabeled by anti-connexin antibodies munolabeled sections using identical methodology to that using methods described in earlier publications [8, 20, 21] .
described above for S . 
(SAS Institute). antibody and (ii) immunolabeling with primary antibody in
Normality was assessed by the univariate normality prothe presence of excess (25-100 mg / ml) immunogen.
cedure. A log transformation was utilized if non-normality was found (P,0.05). Bartlett's test for homogeneity of variance was performed; the confidence interval for the 2.4. Quantitative 3D stereology and statistics
Chi-square (P,0.05). The three age groups were compared by a one-way analysis of variance. For a significant Pairs of serial, or near serial, histological sections from difference, an F of P,0.05 was required. Pair-wise mean each of three animals sampled per age group were labeled comparisons (given variances5S.E.M.) were performed in sequence using anti-Cx43 or anti-dystrophin antibodies.
using Student's t-test and corrected with Bonferroni For sampling, the sections were divided into quartiles of bounds (P,0.05). equal length. Two optical sections (4031.4 NA objective at zoom52) were taken, at random, within each quartile in the anti-Cx43 labeled section and in its anti-dystrophin- by the rabbit terminal crest (tc) volume were estimated from each image taken from dystrophin-labeled sections using the isotropic curvilinear To determine which connexins were expressed in rabbit test system of Merz (L100) according to the methods of tc over postnatal development, immunohistochemistry and Weibel [24] .
Western blotting were undertaken on tc isolated from
neonates, weanlings and adults (Fig. 1) . The anti-Cx40, anti-Cx43 and anti-Cx45 antibodies used were characterwhere V 5myocyte volume density, P 5sum of test points v a ized as giving strong, specific signal by Western blotting on myocytes, and P 5sum of test points on cardiac tissue; T and immunohistochemistry on Hela cells transfected with S 5 oe2 3 I /P 3 d cDNAs overexpressing either Cx45 (Fig. 1a, 
2 a c 1h). Punctate Cx40 immunolabeling was detected only at where P 5test points on cardiac tissue, k 51, N 5 low levels in tc myocardia (Fig. 1g,h ). At all stages, Cx43 c 2 a number of discrete profiles, b 5size distribution coeffiwas the most prominent connexin identifiable by immunocient, K5shape coefficient. K and b were graphically histochemistry ( Figs. 1 and 2) . In adults samples, Cx43 derived according to Weibel [24] based on dystrophinlocalized prominently to myocyte termini at intercalated labeled profiles of longitudinally and transversely secdisks (Figs. 1k,l and 2). Western blotting of neonatal and tioned myocytes. b was derived from myocyte diameter adult tc indicated bands consistent with Cx43 (Fig. 1i) . coefficient of variation measured from transversely sec- Fig. 1e shows a blot of Cx40 in neonatal and adult tc and Hela cells overexpressing Cx40. At this exposure, signal is In agreement with immunohistochemical data reported by evident in the Hela-Cx40 cells, but no Cx40 is detected in Verheule et al.
[25], Cx40 and Cx45 were detected in tc at either stage. However, consistent with immunopreparations from adult and neonatal atria (i.e. non-termilabeling, prolonged exposures revealed a faint band correnal crest atria). However, Cx45 was never detected, even sponding to Cx40 in adult preparations (data not shown).
after prolonged exposures in neonatal or adult tc (Fig. 1a) . 
Increases in conduction anisotropy with age are
The neonatal isochronal map shows uniform, but not correlated with levels of Cx43 localized to myocyte ends highly anisotropic conduction of AP (Fig. 2a) . Correspondingly, Cx43 immunolabeling was relatively uniformAction potential (AP) conduction velocities were calculated from optical recordings of activation obtained from preparations of neonate, weanling, and adult rabbit tc. Five representative AP recordings from photodiodes located near the center of the array are shown in Fig. 3 . To validate the optical mapping, conduction velocities were measured on adult tc using conventional extracellular electrodes. Subsequently, the same samples were assessed using optical mapping. Extracellular recordings and conduction velocity measurements compared favorably with optical recordings (data not shown). ly distributed around myocytes (Fig. 2b) . The weanling tropy increased 2.4-fold from 1.7 in the neonate to 4.1 in map indicated that conduction velocity along the myofiber the adult. The conduction anisotropy ratios were signifilong axis had increased relative to the transverse conduccantly different between all groups: adult vs. weanling, tion velocity across the tissue strip (Fig. 2c) . This change adult vs. neonate, and weanling vs. adult. From this data, paralleled a relative increase in Cx43 immunolabeling at we concluded that increases in anisotropic conduction in myocyte ends (Fig. 2d) . In the adult terminal crest, the differentiating tc were explained entirely by increases longitudinal conduction velocity was more pronounced in the longitudinal conduction velocity. than that observed in the younger stages. As can be seen
To examine the changes in myocyte dimensions and gap from the activation map at this stage, conduction is junctional distribution that accompany the increase in uniform and highly anisotropic (Fig. 2e) . In the adult longitudinal conduction velocity, a stereological analysis preparation, Cx43-positive puncta were prominently localwas undertaken on the same tissues used for activation ized at myocyte ends with an apparent reduction of gap mapping (Table 1 and Fig. 4) Normalization of the gap junctional surface density data to constant with age, not significantly varying (P.0.05) myocyte numerical density indicated that, although between each of the three stages studied. In Fig. 4b , the myocyte surface area increased 4.3-fold between neonate data is replotted, as the ratio of longitudinal to transverse and adult stages, total sarcolemma-localized Cx43 per velocity, i.e., as conduction anisotropy. Conduction anisomyocyte (S -gj-myocyte-Total) only showed a marginally increasing trend with developmental age (Table 1 ). The myocyte is relatively invariant over postnatal growth, there main factor underlying variation in Cx43 pattern was is a significant reallocation of gap junction within the revealed when the analysis of gap junctional area per sarcolemmal pool to myocyte ends. This latter change myocyte was partitioned into lateral and terminal domains shows a striking correlation with both increases in the of sarcolemma. While there was no significant change in velocity and directionality (i.e. anisotropy) of action Cx43 along myocyte sides (S -gj-myocyte-Sides) between potential (AP) propagation.
v neonate and adult, there was a highly significant increase This study is the first to quantitatively examine dein the area of Cx43 immunolabeling polarized at the ends velopmental variation in Cx43 content at the level of the of myocytes (S -gj-myocyte-Ends). Gap junctional memindividual myocyte. Stereology indicates that Cx43 per v brane at this domain increased 3.5-fold between neonate myocyte rises slightly over postnatal growth. This latter and adult. To investigate potential relationships between observation was unexpected, as previous studies had domain-specific and total Cx43 gap junctional area per reported that gap junctions and Cx43 mRNA and protein myocyte values, ratios of Cx43 at ends to sides (ends / levels rose and fell dramatically over postnatal growth sides), ends to total (ends / total), and sides to total (sides / [28] [29] [30] . The difference between these earlier biochemical total) were calculated (Fig. 4c) . As anticipated, the Cx43 and ultrastructural studies, and the current study, is probaratios of ends / total and sides / total were inversely related bly explained by the fact that our estimates of Cx43 are with the former increasing 2.4-fold and the latter decreasadjusted for variation in myocyte numerical density (N ). m ing 2.0-fold over postnatal development. The ratio of Cx43 Indeed, tissue surface densities measured here (i.e. gap at myocyte ends to sides (ends / sides) increased steadily junctional indices not normalized by N ) correspond well m with increasing postnatal age, a 5-fold change between to those reported previously for the surface density of gap neonate and adult stages. As can be ascertained from junctions per unit myocardial volume in the developing comparing panels a, b and c of Fig. 4 , variation in Cx43 rabbit ventricle [28] . A further factor may be that Cx43 ends / sides with postnatal age closely matched variation in quantitation in the present study was confined to gap conduction anisotropy ratio (correlation coefficient; r5 junctions within the sarcolemma. Membrane levels of 0.99).
Cx43 may show only limited correlation with variation in cellular pools of Cx43. This proposition is supported by our studies of Cx43 expression in a mesodermal cell line 4. Discussion [31] , where it has been found that membrane localized protein, but not mRNA, varies in response to WNTIt has been proposed that alterations in the sarcolemmal expression, suggesting a role for post-translational mechadistribution of gap junctions may account for increases in nisms in targeting Cx43 to the membrane. the rate and anisotropy of impulse propagation during Anisotropic conduction has been demonstrated in a postnatal growth [16] [17] [18] . To date, there has been no variety of cardiac tissues [17, [32] [33] [34] . This study provides experimental confirmation of this hypothesis. This reprethe first direct analysis of the relationship between changes sents a significant omission since it is now thought that in coupling and myocardial activation over a developmenbreakdown or reversal of the differentiation process detal time course in which correlative structural and functermining normal patterns of myocyte connectivity may be tional assessments were carried out on identical tissue key to the formation of arrhythmogenic substrates in preparations. The conduction velocities measured correvarious cardiac pathologies [2, 4, 5, [24] [25] [26] [27] . In this study, spond favorably with those previously found for atrial the rabbit terminal crest (tc) was used to examine the tissue in mammalian postnates [6, 17] . More pertinently, relationship between gap junctional distribution and abunour optical measurements of longitudinal conduction vedance and changes in electrical activation patterns. We find locity are in excellent agreement with those recently that while the total amount of Cx43 gap junction per reported by Efimov and colleagues for tc in intact prepara-tions from rabbit [35] . The present work also concurs with profiles from that of ventricular myocardium [34, 38] . previous observations that transverse conduction velocity Dolber and Spach found that in Bachmann's bundle, V max in atrial bundles (e.g. tc, Bachmann's bundle) undergoes decreased but longitudinal conduction velocity increased little change relative to longitudinal velocity between birth with postnatal development [34] . This reversal of the usual and maturity [34] . In their classical paper, Spach and relationship between V and conduction velocity led the max Dolber [17] observed an increased conduction anisotropy authors to propose that tissue structure rather than sarin atrial bundles from adults as compared to children. This colemmal electrical properties accounted for the postnatal change was suggested to be associated with a reduction in increases in longitudinal conduction velocity. While the side-to-side gap junctions. In agreement with this, we and results of the present study supports this hypothesis, it others demonstrated that gap junction on myocyte sides, would seem useful to further clarify the degree to which measured as a fraction of that at myocyte ends and sides, AP morphology contributes to the rate and directionality of decreased between birth and maturity [5] . Interestingly, our impulse propagation in the tc. Ongoing studies are also stereological data reveals an unforeseen aspect of this needed to more precisely understand the relationship pattern. Although, decreasing as a fraction of the total (see between developmental changes in cellular coupling pat- Fig. 4c ), the absolute amounts of gap junction positioned at tern and impulse conduction characteristics. Such data will myocyte sides show no significant variation between be of interest to clinicians as well as developmental neonatal and adult stages (see Table 1 ). Put another way, it biologists. There is mounting evidence that breakdown of is not decreases in the size of the pool of gap junctions at normal gap junction organization in myocardial lateral sarcolemma per se that correlates with the increaspathologies characterized by arrhythmia and other abnoring anisotropy of the atrial bundle. Rather, these changes malities of cardiac conduction [2,4,5,24-27]. Our study appear more related with progressive accretion of available points to the existence of dynamic processes which may Cx43 gap junction at the termini of differentiating act to promote or maintain gap junction distribution in the myocytes. One interesting qualification is that 4-6 month normal myocardium. As we have proposed previously, this old rabbits (i.e. relatively young adults) were the oldest could include differences in gap junction turnover at studied. Given the suspected role of slowed transverse specific sarcolemmal domains [16] . Sequestration of Cx43 conduction in micro-reentry in elderly humans [17] , it via zo-1 linkage [39] may also have a role. Whatever the would be clinically relevant to ask whether conduction physical explanations, it is proposed that disruption of such velocity across the bundle and gap junction levels in lateral processes explain the chaotic patterns of connectivity sarcolemmal domains remain constant in older rabbits.
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